Vibration based loading has been successfully used to facilitate out of laboratory inspections using thermoelastic stress analysis enabling stress based non-destructive assessment of structures. An initial plate study verified the technique. A laboratory demonstrator of the onsite implementation was created to facilitate the development and assessment of a suitable loading device. The developed system was then taken on-site at a coal fired power station during a scheduled outage period. Vibration loaded thermoelastic stress analysis was successfully applied to welds in high pressure steam drain lines in-situ.
Introduction
The most common techniques currently applied in non-destructive evaluation (NDE) in industry are generally ultrasound (UT) based approaches. Essentially, UT is a 'point-by-point' measurement technique so inspections of large areas can prove extremely time consuming [1] . R.C.Tighe, G.P. Howell, J.P. Tyler, S. Lormor and J.M. Dulieu-Barton, Stress based non-destructive evaluation using thermographic approaches: from laboratory trials to on-site assessment, NDT&E International (2016) 10 .1016/j.ndteint. 2016.08.005 valid. Therefore the phase data is a very useful and straightforward means of validation, as it is obtained alongside ΔT and T from the lock-in processing.
Typically the cyclic loading necessary to facilitate TSA is imparted using a servo-hydraulic test machine. The reference signal for the lock-in is obtained from the test machine load cell.
This tethers TSA to a laboratory environment and hence a different means of imparting the load is required. It is proposed that a vibration based excitation at the component natural frequency could be used to generate the thermoelastic response. Natural frequency excitations have the potential to be much higher frequencies than typically studied with TSA therefore appropriate integration time (IT) [7] and frame rate must be selected. IT is akin to exposure time in photography, i.e. a short IT must be used to collect data from a fast moving scene to avoid blurring. However, a shorter integration time means fewer photons impinge on the detector resulting in a lower detector response. There is a trade-off between noise content and image quality, when selecting an appropriate IT. The frame rate should obey the NyquistShannon criterion relative to the loading frequency. A further consideration is the source of the reference signal to perform the lock-in. There are several possibilities including force transducers, accelerometers as well as self-referencing where the collected IR data is used as the reference source. A range of reference signals were trialled and are discussed alongside each experiment in the following sections of the paper.
In all thermographic assessments there is a requirement to observe a surface of high and uniform emissivity; this is typically achieved through application of a thin layer of matt black spray paint. Substantial previous work has been carried out on selection of paint for the purposes of IR thermography. In most TSA studies RS matt black spray paint from RS Components has been used and a detailed characterisation was carried out in [8] . It has recently emerged that a change in the formula of RS matt black has occurred, reducing the adhesion to the surface of components and providing a significantly lower emissivity, which R.C.Tighe, G.P. Howell, J.P. Tyler, S. Lormor and J.M. Dulieu-Barton, Stress based non-destructive evaluation using thermographic approaches: from laboratory trials to on-site assessment, NDT&E International (2016) 10 .1016/j.ndteint.2016.08. 005 renders it unsuitable for quantitative TSA studies. To find a suitable replacement, a number of readily available alternative black paints were tested for surface finish and adhesion. From this down select the most suitable paint was identified as Electrolube EMBP400 matt black.
To evaluate and compare the response of the Electrolube paint the thermoelastic constant of steel was determined and compared to an identical specimen coated with the original RS matt black paint. The test specimens were 40 x 3 mm in cross sectional area. A cyclic load of 6 ±5 kN was applied to the specimens with a loading frequency of 10 Hz. Table 1 shows the calculated thermoelastic constant for the steel using both paints. To compare the results from the specimens with the new paint with the response obtained from specimens coated with the original RS matt black paint used in [8] , is presented in Table 1 as 'normalised' values. Electrolube EMBP400 matt black provided the closest match in response to the original RS matt black paint and hence was selected for the work described in the present paper. 
Laboratory trials
The purpose of the initial work is to assess the current detector system and loading approach using a simple set up with well-defined natural frequencies. Hence a fully clamped aluminium alloy plate was selected and excited in it first and second modes. The experimental setup is shown in Figure 1 . A 0.9 mm thick aluminium plate was positioned in a clamp to model 'built-in' boundary conditions to give in-plane plate dimensions of 330 x 203 mm. The clamp uses two steel frames either side of the plate and fastened together using 20 bolts torqued to 27 Nm to provide uniform clamping pressure around the edges of the plate.
The plate was excited using a LDS V201 permanent magnetic shaker from Brüel & Kjaer which provided a sine peak force of 17.8 N and had a usable frequency range of 5-13000 Hz.
The shaker was attached to the plate via a rigid stinger, which was connected using a thin layer of beeswax. The beeswax provided sufficient adhesion for the stinger to remain attached to the plate during loading but allowed the shaker to be easily repositioned. A force transducer positioned between the shaker and stinger provided the reference signal for the TSA. The standoff distance between detector and plate was 0.75 m so that the whole plate was captured in a single image. The stinger was located at the expected peak of displacement for the second mode as it was possible to excite both first and second mode from this position. It was necessary to use the full frame of the detector to maximise spatial resolution so the detector was set to record at its maximum full frame rate of 383 Hz. This was suitable for the first mode but for the second mode the data capture falls just below the Nyquist-Shannon sampling criteria. However, as the lock-in processing is based on the reference signal and because data is recorded over several cycles, the lower relative frame rate is not a concern.
Based on the predicted natural frequencies an IT of 700 µs was used.
During the experiments the predicted modal frequencies were tuned around to establish the exact frequency to account for the actual experimental conditions, such as clamping pressure and stinger connection, which were not included in the model. The experimentally determined first and second modal frequencies were 144 and 221 Hz respectively.
Laboratory trial results
The TSA results from the aluminium plate excited in its first and second mode are shown in In Figure 3a the effect of the stinger is apparent with a large concentration in ΔT/T data with the line plot shown in Figure 3b emphasising the asymmetry around the stinger location.
Aside from this bias, the TSA data shows the expected pattern for the excitation of the first mode in a clamped plate. The phase data shown in Figure 3c reveals that the central region of the plate has a uniform phase but is out of phase with the outer region as expected as the response varies at the clamped edges. The stinger location is also evident in the phase data.
The results for the second mode on the aluminium plate are given in Figure The plate example demonstrates that natural frequency vibration can be used to obtain the thermoelastic response in a robust and repeatable approach to inspect components without the R.C.Tighe, G.P. Howell, J.P. Tyler, S. Lormor and J.M. Dulieu-Barton, Stress based non-destructive evaluation using thermographic approaches: from laboratory trials to on-site assessment, NDT&E International (2016) 10.1016/j.ndteint.2016.08.005 requirement of a test machine and confirms the findings of [5, 9] . The data obtained from the current experiments is an improvement over that shown in [5] largely attributable to the improvement of the spatial and temporal resolution of the detector. 
Mode

Laboratory demonstrator on representative pipework
The overall aim is to carry out on site assessment on pipe work; as such the next stage of development was to test the approach on a representative component. Several offcut sections of the steam drain pipe were provided by EDF West Burton. The sections were the same age and grade as the pipes in use on the plant but were unused; hence they suffered corrosion due to aging but no wear. The presence of surface corrosion severely hampers the efficient transfer of heat from the component and thus prevents accurate TSA measurements. It was necessary to investigate the surface preparation required to remove corrosion to allow effective adhesion of the matt black paint. The exact metal type was unknown beyond the knowledge that it was ferritic steel so it was necessary to carry out experiments to determine the thermoelastic constant using TSA.
To establish the sensitivity of TSA to surface preparation prior to painting a 600 mm section of the steam drain pipe was used with outer diameter of 42 mm and wall thickness of 9 mm.
Four levels of surface preparation were investigated. The first level (L1) used a wire brush to remove loose debris, the remaining three (L2-4) firstly used a wire brush and then used 80, 120 and 180 grit SiC paper respectively giving a progressively smoother finish. The pipe was then cyclically loaded in an Instron servo-hydraulic test machine in tension along the length of the pipe. The load applied was 99 ± 81 kN at a frequency of 10 Hz. T/T values were obtained point by point and the average T/T value was determined for each surface finish. [10] , shown in Figure 4 as the dotted line. The average experimentally determined value of K found using the L2-4 data was 3.20 x 10 -12 Pa -1 (shown in Figure 4 as the solid line) which is within 6% of the estimated literature value of K, confirming the experimental approach to determine K is valid, particularly considering the actual grade of the ferritic steel is unknown.
Therefore, the average experimentally determined value of K, i.e. 3.20 x 10 -12 Pa -1 , was used to calculate the stress sum data in the remainder of the paper. A second longer section of the pipe was provided that measured 1.513 m long, with outer diameter of 48.5 mm and wall thickness of 6.75 mm, was used for the laboratory based demonstrator. Two 10 mm thick EN3 steel end plates were TIG welded to both ends of the pipe section following guidelines for on-site welds, creating a single pass fillet weld. The pipe rig was rigidly fastened to a T-slot plate to ensure when excited only the pipe could move creating a fixed-fixed end test set-up. Based on the results of the Figure 4 and Table 1 the pipe surface was prepared using preparation level 2 and spray painted matt black using the Electrolube EMB400 paint. Figure 5a shows the prepared pipe surface at the end of the pipe compared to its as received state, the painted inspection area is shown in Figure 5b .
Due to the increased stiffness of the pipe compared to the previously assessed plates it was necessary to determine a more suitable loading approach able to provide the required force and frequency excitation to the component. The pipe was excited in its first mode using two excitation approaches firstly a permanent magnetic shaker was used, a larger version than that in the plate studies, and then secondly a more portable pneumatic approach was used. a b 
Demonstrator I -Permanent magnetic shaker
The permanent magnetic shaker used for pipe excitation was a Ling V406 with a usable frequency range of 5-9000 Hz and a peak sine force of 98 N. The mass of the shaker when mounted on a trunnion was 22.7 kg and 14.1 kg without the trunnion. The shaker was attached to the pipe using a rigid stinger and beeswax as in the plate study. Instrumented hammer tests were undertaken and the transfer function was used to identify first natural frequency for the pipe as shown in Figure 6 . The first mode was found to be at 100 Hz. A signal generator was used to provide the required loading frequency, the experimental set up and corresponding schematic are shown in Figure 7a 
Demonstrator II -Pneumatic shaker
Due to the moderately large mass of the permanent magnetic shaker rendering it difficult to move and difficult attach to pipes on-site where access may be limited, a lighter and smaller solution was sought. A Vibtec GT36 pneumatic shaker was investigated as a possible means of excitation. The GT36 used a conventional workshop air supply to rotate a turbine wheel with an imbalance mass distribution to create a vibration excitation in an object to which it is rigidly clamped. The frequency and force of the loading is controlled by varying the air flow rate. The manufacturer's specification of the GT36 lists a frequency range of 100 -250 Hz and a maximum force of 8 kN, however both force and frequency are greatly reduced when R.C.Tighe, G.P. Howell, J.P. Tyler, S. Lormor and J.M. Dulieu-Barton, Stress based non-destructive evaluation using thermographic approaches: from laboratory trials to on-site assessment, NDT&E International (2016) 10.1016/j.ndteint.2016.08.005
attaching the shaker to a less rigid structure such as the pipe. To attach the pneumatic shaker to the pipe, a clamping system, shown in Figure 8 , was custom built to accommodate a variation in pipe outer diameter between 35 and 50 mm. The clamp was such that it was securely gripped to the pipe to avoid detachment during testing and avoid damping of the vibration loading. The mass of the pneumatic shaker is 2.3 kg and the mass of the shaker with the clamping system is 5 kg thus reducing the total mass to less than a third of the permanent magnetic shaker. The experimental setup is shown in Figure 8a and schematic in Figure 8b .
The shaker uses a workshop air line, a filter and valve is fitted between the air line connection and the shaker to allow easy pressure control and filtration. The shaker and clamp are bolted to the centre of the pipe. The data is collected as in demonstrator I. In this set-up it is difficult and impractical in the context of an on-site application to obtain a reference signal from an accelerometer, because of interference from other systems. Therefore, it was decided to use a self-referencing lock-in approach to process the thermal data. The approach involves establishing the mean temperature over an area of pixels from the surface of the component through time. This data is then processed using a fast Fourier transform (FFT) to extract the frequency spectra so that the component with the largest amplitude is used as the reference signal. This approach differs to that found in [11] , which deals with transient loading and utilises a least squares approach directly using the thermographic data as a reference signal.
The approach in [11] cannot be used to obtain stresses but only give an indication of stress hotspots as it uses the temperature data itself as the reference signal and hence produces a relative rather than absolute stress map. The approach used in this paper uses the thermography data to determine a frequency reference signal, hence stresses can be derived.
To establish the reference frequency it was found that using the response from close to the location of the maximum stress concentration provided a clear maximum in the frequency spectra obtained from the FFT. It should be noted that with the self-referencing approach As the pneumatic shaker is clamped on the pipe the added mass of shaker must be taken into account when finding the natural frequency of the pipe set-up. Instrumented hammer tests were repeated with shaker attached and the first natural frequency was found to be 61.5 Hz with the shaker added mass. 
Demonstrator results
The pipe was excited at 100 Hz for demonstrator I and 42.2 Hz for demonstrator II. Whereas demonstrator I has an electronic control of the exact excitation frequency demonstrator II is dependent on the air flow as well as the clamping conditions and the structure it is connected to and as such the frequency achieved in demonstrator II was below the desired natural frequency of 61.5 Hz, nevertheless a good thermoelastic response was obtained.
The ΔT/T and phase results for demonstrator I are given in Figure 9a A comparison of the TSA data obtained for demonstrator I processed using the force transducer reference signal and the self-reference approach has been undertaken. The stress sum, as given by Equation 1, was derived for both approaches along the profile line in Figure   9 and is shown in Figure 10a . ΔT/T data was extracted along each line and converted into the sum of the principal stresses using the experimentally determined K value of 3.20 x 10 -12 Pa -1
. Figure 10a shows that the two data sets are practically identical; to examine the difference the self-referenced data was normalised against the transducer lock-in data as shown in Figure   10b . The greatest differences between the two approaches are found where the stresses are very low. The areas of higher stresses are in good agreement with less than 4% difference between the two approaches between pixels 30 and 45. The maximum stress sum is 52.6 MPa for both cases, hence the self-referencing lock-in approach is validated and can be used in Demonstrator II results are given in Figure 11a and b. Figure 11a shows the stress distribution in the pipe generated in Demonstrator II; the stress concentrations around the weld are clear.
The main difference between the results from demonstrator I and II is that in II the neutral plane is not clearly defined along the centre of the pipe. This is because the pneumatic shaker creates a slightly elliptical motion which modifies the stresses. Also the excitation frequency Figure 12 shows that although the peak stress is higher in demonstrator I, which is as expected as the system is R.C.Tighe, G.P. Howell, J.P. Tyler, S. Lormor and J.M. Dulieu-Barton, Stress based non-destructive evaluation using thermographic approaches: from laboratory trials to on-site assessment, NDT&E International (2016) 10.1016/j.ndteint.2016.08.005
vibrating at its natural frequency, the stress in the pipe is larger in demonstrator II resulting from a change in the stresses caused by the excitation of the pneumatic shaker.
Figure 12: Stress sum profiles taken across the weld for demonstrators I and II.
On-site assessment
As both demonstrators had functioned well in laboratory based conditions the next stage was to take a demonstrator on-site for pipe weld inspection using TSA. Due to the portability of the pneumatic shaker, only this was used on-site. Pipes were identified for inspection, as shown in Figure 13 , to provide a range of welds to consider. Pipe 1 had an outer diameter 48 mm and was multi-pass fillet welded to a larger section of pipe creating a T-junction similar to that found in the demonstrator study; this is designated weld 1.1 (see Figure 14a) . A series of three butt welds were located along the length of pipe 1, numbered as welds 1.2 -1.4 in Figure 14a . Pipe 1 had a 600 mm horizontal pipe run followed by a 90° bend to make a is shown in Figure 14 located at the midpoint of horizontal section of the pipe. The shaker was operated using a constant air pressure of 1.5 bar for all weld inspections. The excitation frequency was then determined using the self-reference lock-in processing as previously described. The areas selected for determining the reference frequencies were local to the inspection sites to ensure that the frequency of the local vibration was used for processing. 
On-site results
The ΔT/T data and phase data for welds 1.1 to 1.4 along pipe 1 are presented in Figure 16 . horizontal section. The effect of motion is also apparent in the phase data for these welds as the increased noise present in the data.
The ΔT/T and phase data for pipe 2 is presented in Figure 17 . As pipe 2 only contained a single weld towards the centre of the unsupported span on pipe the effect of motion is much more evident in the ΔT/T data. Nevertheless an area of increased response is apparent either side of the weld. There also appears to be noise in the data along a horizontal line which is caused by reflections and motion. The maximum stress concentration that the pipe is experiencing is found at weld 1.1 where the pipe joins a larger section of pipe. A profile of the ΔT/T data is taken across the weld, as shown in Figure 16a . Using the K value for the pipe material experimentally determined in section 4, it is possible to calculate the sum of the principal stresses in the weld as plotted in Figure 18 . The edges of the weldment are marked on the graph as are approximate locations of the edges of each weld pass. The maximum stress sum created during TSA inspection is 84
MPa, again well below the material yield strength. Although initially there is a reduction in stress in the first weld pass at the smaller pipe end there is a general increase in magnitude of the stress sum within the weld moving from the smaller to the larger pipe. There are several peaks in the stress sum data across the width of the weld which appear to correlate with the weld passes although an additional peak is present at around pixel 75. 
Conclusions
For the first time it has been shown that TSA can be successfully applied to components onsite in a challenging environment. To achieve this, the methodology was established through a small scale laboratory test followed by larger scale laboratory demonstrators representative of on-site application before finally taking the procedure on-site. On-site application of vibration loaded TSA using a pneumatic shaker was successful and yielded comparable results to those gathered using the laboratory demonstrator.
The work has shown that quantitative stress data can be obtained in regions where the motion was small. Motion prevented a quantitative analysis of the data sets, particularly when inspecting the parts of the steam pipe system away from any 'fixed' point. Further analysis is required to eliminate the effects of motion and is the object of current work.
The results clearly demonstrate the feasibility of using TSA as an on-site assessment
approach. Further refinement is required and the next stage of work will involve the identification of known defects in welded samples to characterise the thermoelastic response from a range of typical defects present in welded joints. The present work uses a costly but highly sensitive photon detector, which makes it unattractive to industry, less expensive and
